1. Introduction {#sec0005}
===============

Temporal discounting (also known as inter-temporal choice or delay discounting) is the process of assessing the value of waiting for a future reward depending on the magnitude of the reward and the delayed time. Individuals vary in their temporal discounting behavior, with some having a stronger preference for taking a smaller immediate reward versus waiting for a larger reward, and vice versa ([@bib0305]). Previous experimental studies suggest a positive relationship between chronological maturation (age) and the tendency to prefer waiting for the larger reward ([@bib0075]; [@bib0330]), although some studies have found evidence for a nonlinear relationship in the transition into adolescence ([@bib0315]). Interestingly, the development of temporal discounting with age may be a stable marker of liability for disinhibitory psychopathologies such as ADHD even when psychopathological symptoms change with age ([@bib0205]). It has been proposed that brain function and organization can explain individual differences in temporal discounting behavior ([@bib0045]; [@bib0185]; [@bib0225]; [@bib0310]; [@bib0340]). Therefore, in this study, we analyzed how chronological maturation interacts with functional brain organization to predict temporal discounting.

1.1. Temporal discounting as a measure of decision-making preference {#sec0010}
--------------------------------------------------------------------

Tasks assessing temporal discounting behavior can be used to measure an individual's preference for a smaller-sooner reward (SSR) in comparison to a larger-later reward (LLR) ([@bib0150]). These tasks typically ask individuals to choose between two rewards that vary in both the reward size and the required delay time until the amount is acquired ([@bib0245]). For example, participants typically respond to several questions in the following format: "At the moment, what would you prefer?" Below the question two options are presented (e.g. "\$7.00 now", "\$10 in 30 days"). The SSR and LLR vary in both delay interval and reward size over successive trials; this way, the subjective value of temporal reward can be measured. Individuals preferring the SSR are characterized to have greater temporal discounting; conversely, individuals preferring the LLR are characterized to have less temporal discounting. One way to measure this subjective value of temporal reward is through the use of indifference points (the delay duration at which the magnitude of SSR equals the magnitude of LLR) ([@bib0300]). The indifference points are useful in calculating a single index of discounting rate, and in determining the value of the delayed reward ([@bib0370]). Specifically, plotting the indifference points in a series yields a discount curve, which describes the rate at which the value of reward decreases over time.

1.2. Brain networks involved in temporal discounting {#sec0015}
----------------------------------------------------

Cortico-striatal circuitry is involved in decision-making processes ([@bib0165]), including temporal discounting ([@bib0270]). In the present study, we focus on two cortico-striatal systems (defined *a priori*) that have been consistently correlated with different outcomes of an individual's preference and value ([@bib0270]; [@bib0340]): a valuation system (amygdala, medial orbitofrontal cortex, posterior cingulate cortex, ventromedial prefrontal cortex, and ventral striatum) and a cognitive control system (ventral lateral prefrontal cortex, dorsal anterior cingulate cortex, dorsolateral prefrontal cortex, dorsal striatum, and inferior frontal cortex) (See [Fig. 1](#fig0005){ref-type="fig"}a). Specifically, increased structural connectivity between the striatum and cortical control regions have been found to be related to decreased temporal discounting, whereas increased structural connectivity between the striatum and subcortical valuation regions were related to increased temporal discounting in adults ([@bib0340]). We also assessed connectivity between these networks and the supplementary motor area and hippocampus, given their involvement in intertemporal choice behavior ([@bib0265]; [@bib0310]; [@bib0340]).Fig. 1Brain systems of interest and regions of interest. \[A\] Brain networks (including two other regions out of the networks) included in this study. The regions in red represent the cognitive control network. The regions in blue represent the valuation network. The regions in green and purple represent the supplementary motor area and the hippocampus, respectively. \[B\] Each brain region included in this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

Brain networks involved in temporal discounting can be interrogated with MRI in multiple ways, including task-based fMRI studies in which participants are asked to make temporal discounting decisions. Overall, it has been theorized that adults with high temporal discounting preference are more likely to show greater recruitment of the control network and less recruitment of the valuation network when choosing a LLR over a SSR ([@bib0335]; [@bib0350]). While task-evoked brain activity can inform us on the functionality of cortical networks during specific contexts, intrinsic brain activity at rest can be used to measure an individual's functional brain organization. The intrinsic activity of the brain reflects, in part, past activities, and these fluctuations impact future behavior ([@bib0305]). Brain functionality and fluctuations are believed to determine and shape connectivity patterns. Here, we study the brain's intrinsic connectivity using resting-state functional connectivity MRI (rs-fcMRI) ([@bib0290]), which characterizes the functional relationship between brain regions while a participant is not performing a specific task by correlating slow spontaneous fluctuation of the blood oxygen level dependent (BOLD) signal. These intrinsic activity correlations can reveal the cohesive connections and interactions present in neuronal networks ([@bib0020]). Previous studies in adults have found that intrinsic brain connectivity within cortico-striatal networks were related to an individual's temporal discounting preference ([@bib0030]; [@bib0225]).

1.3. Development of brain networks underlying temporal discounting {#sec0020}
------------------------------------------------------------------

It is hypothesized that differential rates of maturation across cortico-striatal systems, and the protracted development of the interconnections between them, are related to changes in behavior across development ([@bib0035]; [@bib0055], [@bib0060]; [@bib0345]). In adults, it has been theorized that greater recruitment of control networks (and less recruitment of the valuation networks) are indicative of choosing the LLR, however, it is currently unclear if this brain-behavior relationship is present throughout development. One of the first task-based fMRI studies of temporal discounting examined the impact of age-related (ages 12--32 years; males) changes in brain activation when deciding between a SSR and a LLR ([@bib0045]). This study demonstrated that when choosing an immediate reward, *increased* recruitment of the vmPFC and *decreased* recruitment of the ventral striatum, insula, anterior cingulate, occipital, and parietal cortices was related to increasing age and preference for LLR. Further, greater coupling between the ventral striatum and vmPFC was also related to increasing age and preference for LLR, suggesting that increased functional connectivity between the vmPFC and ventral striatum (regions of the valuation network) might be one neural mechanism underlying developmental changes in the preference for delayed rewards.

Another theory is that neural systems involved in three cognitive processes: valuation (i.e., the value placed on a certain stimuli or outcome), cognitive control (i.e., engaging in goal-directed cognitive processes), and prospection (i.e., thinking about the future), are involved in the process of temporal discounting ([@bib0270]). Using this framework, [@bib0010] compared the behavioral and neural correlates of temporal discounting in younger (14--15 years) and older (17--19 years) adolescents, and how these measures related to an individual's self-reported tendency to think beyond the present. Behaviorally, older adolescents were more likely to choose a delayed reward over an immediate reward, and were slower than younger adolescents to choose the immediate reward ([@bib0010]). The pattern of brain activity related to intertemporal decision making was more distinct when choosing between immediate versus delayed rewards in the older adolescents compared to the younger adolescents ([@bib0010]). Across groups, individuals who reported a greater tendency to think beyond the present showed decreased recruitment of cognitive control regions during the temporal discounting task. These results suggest that both age and individual differences are related to the neural processing of temporal discounting.

Another study found that greater white matter integrity in pathways connecting the frontal and temporal cortices with other areas of the brain were positively correlated with the preference for delayed rewards across ages 9--23 years ([@bib0260]). Some of these correlations were developmentally related, whereas some of the effects appeared to be age-independent. For example, the relationship between greater white matter integrity in right frontal and left temporal regions and increased preference for delayed reward was not attributable to age. However, the relationship between integrity of white matter in left frontal, right temporal, right parietal (as well as some subcortical-cortical circuits) and the preference for delayed reward was age-related, as these white matter tracts also increased in integrity across the age range studied. These results show that both age and individual differences in neural circuitry are related to an individual's preference for immediate versus delayed rewards. A recent longitudinal study examined the relationship between temporal discounting and fronto-striatal circuitry in individuals between the ages of 8--26 ([@bib0005]). This study found that preference for LLR increased non-linearly between childhood and early adulthood, and that greater fronto-striatal white matter integrity was related to the preference for LLR ([@bib0005]).

Taken together, these studies demonstrate that people, on average, show increasing preference to wait for larger rewards rather than take immediate (smaller) rewards as they get older, but the increase may be nonlinear. Individual differences across development in temporal discounting preference are related to differences in functional brain organization. How one comes to choose a smaller immediate reward over a larger distant reward could be related to how that individual values the proposed reward, or it could be related to how well that individual can inhibit reflexive urges or the ability to think about the future. The development of brain systems involved in evaluating rewards, cognitive control, and thinking about the future all appear to contribute to the developmental changes in how we process situations that involve us making a choice between an immediate outcome and a distant outcome.

1.4. Current study {#sec0025}
------------------

This current project examines how developmental changes in functional connectivity between and within the cognitive control network, valuation network, hippocampus and SMA relate to temporal discounting preferences during the transition into adolescence. Specifically, we examined if changes in functional connectivity strength could explain additional variance in temporal discounting preferences above chronological age. Previous studies have reported no significant difference in discounting behavior between boys and girls ([@bib0065]; [@bib0220]), suggesting that any sex effects are likely to be small. Therefore, to conserve statistical power, the relationship between sex and temporal discounting behavior was not examined.

2. Methods {#sec0030}
==========

2.1. Participants {#sec0035}
-----------------

Our two neurotypical samples were drawn from an ongoing longitudinal project examining brain development in children, recruited from the community, with and without attention-deficit/hyperactivity disorder (ADHD). Our first sample consisted of 64 individuals with 2 or 3 longitudinal scans each (n = 137 scans), and our second, cross-sectional, sample consisted of 84 individuals. Details for both samples are included in [Table 1](#tbl0005){ref-type="table"}. All participants were typically-developing children without psychiatric diagnoses and exhibited typical neurological patterns of thoughts and behavior throughout the study. Psychiatric status was evaluated based on evaluations with the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS; [@bib0295]) administered to a parent; parent and teacher Conners' Rating Scale-3rd Edition ([@bib0050]); and a chart review that required the agreement between a child psychiatrist and neuropsychologist. Any participant who was identified as having a current psychiatric, neurological, or neurodevelopmental disorder was excluded from the present study. IQ was estimated with a three-subtest short form (block design, vocabulary, and information) of the Wechsler Intelligence Scale for Children, 4th Edition ([@bib0360]).Table 1Participant demographic characteristics for each sample.Table 1Longitudinal Sample CharacteristicsCross-sectional Sample\
CharacteristicsAllFemaleMaleAllFemaleMaleN642341844242Age mean (SD)10.8 (1.83)10.6 (1.95)10.9 (1.77)10.3 (1.39)10.3 (1.34)10.3 (1.44)Age range7.3--15.77.3--15.77.5--14.57.3--13.38--13.37.2-13.2AUC mean (SD)0.51 (0.273)0.51 (0.261)0.51 (0.281)0.45 (0.288)0.44 (0.306)0.47 (0.273)AUC range0.04--10.07--0.990.04--10.02--0.980.03--0.980.02--0.98IQ mean (SD)115.3 (13.95)116.6 (9.58)114.6 (15.88)116.5 (13.82)114.5 (14.86)118.4 (12.59)IQ range72--14498 - 13272 - 14478 - 14878 - 14496 - 148N visits13749888442422 visits552035------3 visits936------

2.2. Temporal discounting task {#sec0040}
------------------------------

The temporal discounting task evaluates personal preference for a hypothetical delayed or immediate reward. Participants were presented a computerized task with a series of questions, and were read the following instruction before proceeding to the task:"For the next task, you can choose between two options by clicking on it using the computer mouse. You can change your selection as often as you would like. Once you have decided which option you prefer, you can go on to the next question by clicking on the 'next question' box. One option will always be some amount of money available now. The other option will always be some amount of money later. The waiting period will vary between now and 180 days. Imagine that the choices you make are real-- that if you choose 'money now' you would receive that amount of money at the end of the task and that if you choose 'money later' that you would actually have to wait before receiving the money. So, what are you going to do?"

The computer-based task consisted of 92 questions with an option to get a smaller reward immediately or get a larger amount of money (\$10.00) at a later time period. Most of the participants were presented delays in intervals of 7, 30, 90, 180 days; a small percent of the participant were presented with different delay intervals of 1, 7, 30, 90 days.

Our temporal discounting task was analyzed by multivariate mathematical equations to measure an individual's decision-making preference. Reward in relation to the time span is usually used to measure the preference of an individual or a collective population generalized by age.

There are many mathematical ways to analyze temporal discounting task, however, for this experiment we choose Area Under Curve (AUC). AUC (see [Box 1](#tb0005){ref-type="boxed-text"}) best represents the preference of the participants as it takes into consideration the indifference point and the corresponding delay time ([@bib0250]). AUC is equated to best represent the variables present in this experiment; it takes into account the sum of indifference and delay points acquired through temporal discounting, and outputs one value making it easier for analysis ([@bib0250]).Box 1AUC Equation.$AUC = \sum\left( {x_{2} - x_{1}} \right)\left\lfloor \frac{y_{1} - y_{2}}{2} \right\rfloor$Alt-text: Box 1

The $\, x_{2}$ and $x_{1}$ are the delayed points, and $y_{2}$ and $y_{1}$ represent the indifference points that correspond to the delays ([@bib0175]; [@bib0255]). The AUC outputs a signal value between 0 and 1; a lower number represents less tolerance for the delay time and greater possibility to disregard the value of the reward ([@bib0250]; [@bib0255]). The closer the AUC value is to zero, the more temporal discounting is present, and therefore the participant is less likely to wait for a larger reward. Likewise, the farther away the AUC value is to zero, the more likely the participant is going to wait for the larger reward to be received at a later time.

Three validity criteria were applied to the quantification of AUC. The first criterion was to make sure that an indifference point for a specific delay was not greater than the preceding delay indifference point by more than 20% or \$2 ([@bib0195]). The next criterion was the requirement for the final indifference point, at 180 days, to be less than the first indifference point, at 0 days, to indicate variation in subjective value of rewards across ([@bib0195]). The final criterion was to require the first indifference point, at 0 day, to be at least 9.25. This last criterion was enforced because a lower value indicates that the participant chose multiple time to receive the smaller "now" over the larger "now", suggesting poor task engagement or misunderstanding of the task ([@bib0240]).

2.3. MRI acquisition {#sec0045}
--------------------

MRI was acquired using a 3.0 T Siemens Magnetom Tim Trio scanner with a twelve-channel head-coil at the Oregon Health & Science University Advanced Imaging Research Center. One high-resolution T1-weighted MPRAGE (TR = 2300 ms, TE = 4 ms, FOV = 240 × 256 mm, 1 mm isotropic, sagittal acquisition) and multiple T2-weighted echo planar imaging (TR = 2500 ms, TE = 30 ms, FOV = 240 × 240 mm, 3.8 mm isotropic, either 82 or 120 volumes, axial acquisition, 90° flip angle) series were acquired during each scan visit. Functional data were collected at rest, in an oblique plane (parallel to anterior commissure-posterior commissure plane), and steady state magnetization was assumed after five frames (∼10 s). Participants were instructed to stay still and fixate their gaze on a standard fixation-cross in the center of the display during the acquisition of resting state scans.

2.4. Image processing {#sec0050}
---------------------

The data were processed following the minimum processing steps outlined by the Human Connectome Project ([@bib0125]), which included the use of FSL ([@bib0190]; [@bib0320]; [@bib0365]) and FreeSurfer image analysis suite (<http://surfer.nmr.mgh.harvard.edu/>) ([@bib0070]; [@bib0105]). With this method, gradient distortion corrected T1w and T2w volumes are first aligned to MNI's AC-PC axis and then nonlinearly normalized to the MNI atlas. Next, the T1w and T2w volumes are re-registered using boundary based registration ([@bib0155]) to improve alignment. The brain of each individual is then segmented using the 'recon-all' FreeSurfer functions, which are further improved by utilizing the enhanced white matter-pial surface contrast of the T2w sequence. The initial pial surface is calculated by finding voxels that are beyond ±4 standard deviations from the grey matter mean. The resulting parameter is then used to make sure no lightly myelinated grey matter is excluded. The estimated segmentation is refined further by eroding it with the T2w volume. Of the 221 total scan visits included in this study, 51 (23%) were processed without a T2w volume, either because this sequence was not acquired or was judged as being of low quality. These 51 were processed using FreeSurfer's regular T1 segmentation algorithm ([@bib0110]). Next, the preliminary pial surface and white matter surface are used to define an initial cortical ribbon. The original T1w volume is smoothed with the ribbon using a Gaussian filter with a sigma of 5 mm. Then, the original T1w image is divided by the smoothed volume to account for low frequency spatial noise. This filtered volume is used to recalculate the pial surface, but now using 2 (instead of 4) standard deviations as threshold to define the pial surface. These segmentations are then used to generate an individualized 3D surface rendering of each individual, which is finally registered to the Conte 69 surface atlas as defined by the Human Connectome Project. This registration process allows all data types (cortical thickness, grey matter myelin content, sulcal depth, function activity, functional and structural, connectivity, etc.) to be aligned directly within and between individuals. All T1w and T2w MRI scans were quality controlled for any noticeable movement through visual inspection of raw and reconstructed images. The images were assessed in a pass or fail manner; scans that failed were excluded from the samples included in the present study.

Functional EPI data are registered to the first volume using a 6-degrees of freedom linear registration and corrected for field distortions (using FSL's TOPUP), except for two scans (of 221) where no field map had been acquired. Next the EPI volumes are averaged, with each volume of the original time series re-registered to the average EPI volume using a 6-degrees of freedom linear registration. This last step avoids biases due to a single frame being used, which may be confounded by variability of movement across a given run. The average EPI volume is then registered to the T1w volume. The matrices from each registration step are then combined, such that each frame can be registered to the atlas all in a single transform (i.e. only one interpolation).

The resulting time-courses are then constrained by the grey matter segmentations and mapped into a standard space of 91,282 surface anchor points (greyordinates). This process accounts for potential partial voluming by limiting the influence of voxels that "straddle" grey and non-grey matter voxels (pial surface, white matter, ventricles, vessels, etc). Two thirds of the greyordinates are vertices (located in the cortical ribbon) while the remaining greyordinates are voxels within subcortical structures. Thus, the BOLD time courses in greyordinate space are the weighted average of the volume's time courses in grey matter, where the weights are determined by the average number of voxels wholly or partially within the grey matter ribbon. Voxels with a high coefficient of variation are excluded. Next, the surface time courses are downsampled to the greyordinate space after smoothing them with a 2 mm full-width-half-max Gaussian filter.

The additional preprocessing steps necessary for resting-state functional connectivity analyses consist of regressing out the whole brain (in this case the average signal across all greyordinates (e.g., see [@bib0025]), ventricle and white matter average signal, and displacement on the 6 motion parameters, their derivatives and their squares ([@bib0285]). All regressors are individualized and specific to the participant, based on their own segmentations. The regression's coefficients (beta weights) are calculated solely on the frames where the frame displacement is below 0.3 mm to reduce the influence of movement "outliers" on the output data, but all the time courses are regressed to preserve temporal order for temporal filtering. Finally, time courses are filtered using a first order Butterworth band pass filter with cutting frequencies of 9 mHz and 80 mHz.

We applied a strict motion censoring procedure to the resting-state images ([@bib0095]; [@bib0280]) which takes the absolute value of the backward-difference for all rotation and translation measures in millimeters, assuming a brain radius of 50 mm, and summates those absolute backward-differences for a measure of overall framewise displacement (FD). Volumes with a displacement exceeding 0.2 mm were excluded, and we also removed frames with less than five contiguous frames of low motion data between instances of high motion (FD \> 0.2 mm) data to confidently account for motion effects on adjacent volumes ([@bib0285]). Only participants with greater than 5 min of high quality data were included in the present analysis. The mean framewise displacement of participants in the first sample was 0.08 ± 0.02 mm; range 0.05--0.13 mm. The mean framewise displacement of participants in the second sample was 0.09 ± 0.02 mm; range 0.04--0.13 mm. More information on the motion characteristics on the full sample (i.e. including those excluded) can be viewed in [@bib0085].

2.5. Regions of interest {#sec0055}
------------------------

Our regions of interest (ROIs) included regions within valuation and cognitive control systems, as well as hippocampus and supplementary motor area (SMA). For our cortical ROIs, we selected regions within each of these networks from the Deskan-Killiany atlas provided by FreeSurfer ([@bib0080]). While other parcellations can be considered, we chose this parcellation in order to examine anatomically-defined cortical regions that have been identified in previous work. Cortical reconstruction and volumetric segmentation was performed with the FreeSurfer image analysis suite, which is documented and freely available for download online (<http://surfer.nmr.mgh.harvard.edu/>). The technical details of these procedures are described in prior publications ([@bib0070]; [@bib0110]; [@bib0100]). FreeSurfer uses individual cortical folding patterns to match cortical geometry across subjects ([@bib0105]), and maps this parcellation of the cerebral cortex into units with respect to gyral and sulcal structure ([@bib0080]; [@bib0115]). Our striatal and subcortical ROIs were defined based on FreeSurfer's anatomical segmentation procedure. For the purposes of this study, we examined the nucleus accumbens (NAcc), pallidum, amygdala, medial orbitofrontal cortex (mOFC), and posterior cingulate cortex (PCC) as part of the valuation network, and the caudate, putamen, anterior cingulate cortex (ACC), dorsal anterior cingulate cortex (dACC), dorsolateral prefrontal cortex (dlPFC), inferior frontal gyrus (IFG), and ventrolateral prefrontal cortex (vlPFC) of the cognitive control network ([Fig. 1](#fig0005){ref-type="fig"}; SI Table 1).

2.6. Statistical analysis {#sec0060}
-------------------------

In this study, we first tested to see whether chronological age could be used to predict temporal discounting preference as measured by AUC. We then tested to see if the strength of connectivity between each of our ROIs was able to explain variance in temporal discounting AUC values above chronological age. All analyses were conducted in R version \>3.3.3 (<https://www.r-project.org/>). The script we used to conduct these analyses is freely available online to facilitate reproducibility and replication efforts (<https://github.com/katemills/temporal_discounting>).

2.7. Sample 1 {#sec0065}
-------------

For our first, longitudinal, sample we tested each of these questions using mixed-effects models with the *nlme* package implemented through R. Mixed effects modeling accounts for the non-independence of the data collected from the same individual over time and allows for unequal spacing between data collection points. This statistical analysis contains both the average slope and intercepts of the parameter (fixed effects), and varying intercept for each individual that is a random deviation of the fixed effect (random effect). We tested the following three polynomial models to predict AUC from chronological age:$$Linear\, age\, model:y = \beta_{0} + \beta_{1}(x)$$$$Quadratic\, age\, model:y = \beta_{0} + \,\beta_{1}(x) + \beta_{2}(x^{2})$$$$Cubic\, age\, model:y = \beta_{0} + \,\beta_{1}(x) + \beta_{2}(x^{2}) + \beta_{3}(x^{3})$$Where $y$ is the AUC value, and $\beta_{0}$ represents the intercept; $x$ represents the participant's age; and $\beta_{1},\,\beta_{2\,}and\,\beta_{3}$ represent regression coefficients. We centered age for all analyses (10.70 years). The three age models were compared and tested against a null model that only included the random intercept for each individual. The best fitting model was determined by Akaike Information Criterion (AIC) and likelihood ratio (LR) statistics using the heuristic of parsimony. The model with the lowest AIC value that was significantly different (*p* \< .05), as determined from LR tests, from less complex models was chosen.

To identify the connections that could predict an individual's AUC score above chronological age, we used LR statistics to compare models including a connection of interest (COI) correlation coefficient as an interaction and/or main effect added to the age only model. These brain connectivity models were then compared against each other as well as the best fitting age model. The model with the lowest AIC value that was significantly different (*p* \< .01) from less complex models was selected as the best fitting model. To account for the possibility that brain connectivity alone could account for more variance in AUC values than the age-only model or the multivariate models, we also tested to see if a model including the COI correlation coefficient, but not age, was the best fitting model. We identified connectivity-only models if they had lower AIC than the age only models, and were also both significantly different and had lower AIC than the other more complex models. Finally, we examined if including key covariates measures such as IQ, puberty, or race impacted these models (see Supplementary methods).

2.8. Sample 2 {#sec0070}
-------------

We examined the same questions in the second sample to test the replicability of the results obtained from the first sample. As we wanted to examine the generalizability of the effects and developmental trends observed in our first sample, we set out to test the relevant connections observed from the analysis of the first sample in a cross-sectional sample with a similar, but not identical, age range. Further, by testing the relevant connections observed from the analysis of the first sample in this second, independent, sample reduces the likelihood of reporting false positives.

Similar to our first sample, we first examined the relationship between AUC and chronological age, specifically by comparing linear to nonlinear models (quadratic & cubic). Since these data were cross-sectional, we used regular linear regression to fit these models and compared models through F tests (*p* \< .05). Age was centered for all analyses (10.23 years). Once the best age model was determined, we tested if adding COI correlation coefficients to the model would improve the model fit through F tests (*p* \< .05). We only examined the COIs that were determined to explain additional variance in AUC above age in the first sample. As with the longitudinal sample, we examined if including key covariates measures such as IQ, puberty, or race impacted these models (Supplementary methods).

2.9. Developmental analysis {#sec0075}
---------------------------

To test whether developmental changes in functional connectivity within relevant COIs could predict future temporal discounting preference, we performed a *post-hoc* linear regression analysis with baseline AUC, change in functional connectivity, and age at the second time point as predictors for AUC at the second timepoint (see Supplementary methods). To assess if developmental changes in connectivity were more informative for predicting future temporal discounting preference at certain ages, we also examined the interaction between change in functional connectivity and age at the second time point. The models were only conducted for the relevant COIs identified in the previous analyses, and only for the participants in the longitudinal sample. Models were compared with F tests (*p* \< .05).

3. Results {#sec0080}
==========

3.1. AUC increases from late childhood into early adolescence {#sec0085}
-------------------------------------------------------------

Model comparisons between the null, linear age, quadratic age, and cubic age models are presented in [Table 2](#tbl0010){ref-type="table"}. Of the three age models tested, the quadratic model best represented the relationship between age and AUC in this longitudinal sample (LR quadratic model vs. null: 13.2, *p* \< .002). The results of this model suggest that, on average, each yearly increase in age across this sample was associated with an increase of 0.04 AUC, with a negative rate of change (−0.01) ([Table 3](#tbl0015){ref-type="table"}; [Fig. 2](#fig0010){ref-type="fig"}). These results should be interpreted from the predicted intercept at age 10.70 years (0.55). The graph illustrates a group-level increase in AUC until age ∼11 years, but relative stability in AUC between ages 11--14 years.Table 2Comparison of polynomial age models for the longitudinal sample.Table 2Longitudinal sampleModeldfAICBIClogLikTestL.Ratiop-valueNull Model1325.033.7−9.5Linear age2418.830.4−5.41 vs 28.20.0042Quadratic age3515.830.4−2.92 vs 35.00.0257Cubic age4615.432.9−1.73 vs 42.40.1226Table 3Fixed effects for best fitting (quadratic) age model predicting AUC for the longitudinal sample.Table 3Longitudinal SampleValueStd. ErrorDFt-valuep-valueIntercept0.550.037117.0\<0.0001Linear age0.040.01713.20.0021Quadratic age−0.010.0171−2.20.0291Fig. 2Best fitting age models for AUC. The green line represents the predicted model fit for AUC for sample 1 (longitudinal sample) and the blue line represents the predicted model fit for AUC for sample 2 (cross-sectional sample). Shading represents the 95% confidence intervals. Raw data are plotted in the background, with each individual measurement representing a circle, and lines connecting data collected from the same individual across time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2

In our second, cross-sectional, sample, we found evidence for a linear relationship between age and AUC ([Fig. 2](#fig0010){ref-type="fig"}; blue). The linear model for this sample suggests that, on average, each yearly increase in age across this sample was associated with an increase of 0.05 AUC ([Table 3](#tbl0015){ref-type="table"}; [Fig. 2](#fig0010){ref-type="fig"}). These results should be interpreted from the predicted intercept at age 10.23 years (0.45). Overall, the graph shows a similar increase in AUC across the age period studied as is visible in the longitudinal sample.

3.2. Brain connectivity explains variance in AUC not accounted for by age {#sec0090}
-------------------------------------------------------------------------

In the first sample, we found that AUC was best predicted by models including both age and connectivity for fifty-eight COIs **(**SI Table 2). Many of the connections (40%) were between regions within the cognitive control network, whereas 10% of connections were between regions within the valuation network. 36% of the connections were between the cognitive control network regions and the valuation network regions. None of the identified connections included connections between the control network and the SMA or the hippocampus, however, one connection between the valuation network and hippocampus and three connections between the valuation and the SMA were identified as relevant to predicting AUC. All four possible connections between the SMA and hippocampus were identified as relevant to predicting AUC.

Of the fifty-eight connections identified in the first sample, only nine were replicated in the cross-sectional sample ([Table 4](#tbl0020){ref-type="table"}; [Fig. 3](#fig0015){ref-type="fig"}). Three of the nine connections represented connections within regions of the cognitive control system (left dlPFC -- right dACC; bilateral dlPFC; bilateral superior frontal cortex); three represented connections within regions of the valuation system (right pallidum -- left PCC; right pallidum -- right PCC; right mOFC -- left amygdala); and three represented connections between these two systems (left dlPFC -- right PCC; left superior frontal cortex -- right PCC; left mOFC -- right vlPFC). Model statistics for these nine models are detailed for both the longitudinal sample and cross-sectional sample in [Table 4](#tbl0020){ref-type="table"}. Neither the best fitting models, nor the effects of interest, were impacted by the inclusion of IQ as a covariate, and the inclusion of puberty or race as a covariate had a minimal impact, if any, on the models and effects of interest (Supplementary Table 3).Table 4Best fitting model characteristics for the nine connections of interest that replicated across the both samples.Table 4Longitudinal sampleConnectionNetworksBest Fit ModelLR testAIC diff.Intercept (SE)Linear age Estimate (SE)Quadratic age Estimate (SE)Connectivity Estimate (SE)Quadratic age x Connectivity (SE)Left dlPFC -- Right dACCControl -- Controlmain effect*X^2^*(1) = 7.13, *p* = 0.00765.130.59 (0.03)0.05 (0.01)−0.01 (0.01)0.26 (0.1)--Left dlPFC -- Right dlPFCControl -- Controlmain effect*X^2^*(1) = 8.68, *p* = 0.00326.680.4 (0.06)0.05 (0.01)−0.01 (0.01)0.36 (0.12)--Left Superior Frontal Cortex -- Right Superior Frontal CortexControl -- Controlmain effect*X^2^*(1) = 8.95, *p* = 0.00286.950.36 (0.07)0.05 (0.01)−0.01 (0.01)0.37 (0.12)--Right Pallidum -- Right PCCValuation -- Valuationmain effect*X^2^*(1) = 8.27, *p* = 0.0046.270.56 (0.03)0.05 (0.01)−0.01 (0.01)−0.34 (0.11)--Right Pallidum -- Left PCCValuation --Valuationmain effect*X^2^*(1) = 8.74, *p* = 0.00316.740.54 (0.03)0.05 (0.01)−0.01 (0.01)−0.38 (0.12)--Right mOFC -- Left AmygdalaValuation -- Valuationquadratic interaction*X^2^*(2) = 9.97, *p* = 0.00695.970.59 (0.04)0.04 (0.01)−0.02 (0.01)−0.23 (0.15)0.09 (0.03)Left dlPFC -- Right PCCControl -- Valuationquadratic interaction*X^2^*(2) = 11.44, *p* = 0.00337.440.54 (0.03)0.06 (0.01)−0.01 (0.01)−0.08 (0.11)0.1 (0.03)Left Superior Frontal Cortex -- Right PCCControl -- Valuationquadratic interaction*X^2^*(2) = 9.9, *p* = 0.00715.90.55 (0.03)0.06 (0.01)−0.01 (0.01)−0.2 (0.12)0.1 (0.03)Left mOFC -- Right vlPFCValuation -- Controlmain effect*X^2^*(1) = 7.13, *p* = 0.00765.130.51 (0.04)0.04 (0.01)−0.01 (0.01)0.27 (0.1)--Cross-sectional sampleConnectionNetworksBest Fit ModelF testadj R SqIntercept (SE)Linear age (SE)Connectivity (SE)Left dlPFC -- Right dACCControl -- Controlmain effect*F*(2,81) = 5.13, p = 0.02030.090.51 (0.04)0.05 (0.02)0.3 (0.13)Left dlPFC -- Right dlPFCControl -- Controlmain effect*F*(2,81) = 4.99, p = 0.02330.090.28 (0.08)0.05 (0.02)0.42 (0.18)Left Superior Frontal Cortex -- Right Superior Frontal CortexControl -- Controlmain effect*F*(2,81) = 4.92, p = 0.0250.090.25 (0.1)0.05 (0.02)0.40 (0.18)Right Pallidum -- Right PCCValuation -- Valuationmain effect*F*(2,81) = 6.21, *p* = 0.0070.110.46 (0.03)0.04 (0.02)−0.53 (0.19)Right Pallidum -- Left PCCValuation -- Valuationmain effect*F*(2,81) = 6.72, *p* = 0.00430.120.45 (0.03)0.05 (0.02)−0.58 (0.2)Right mOFC -- Left AmygdalaValuation -- Valuationmain effectF(2,81) = 4.62, *p* = 0.03420.080.47 (0.03)0.05 (0.02)−0.27 (0.12)Left dlPFC -- Right PCCControl -- Valuationmain effect*F*(2,81) = 4.4, p = 0.0430.080.48 (0.03)0.05 (0.02)0.28 (0.14)Left Superior Frontal Cortex -- Right PCCControl -- Valuationcoi only*F*(1,82) = 6.18, *p* = 0.0150.060.44 (0.03)--0.37 (0.15)Left mOFC -- Right vlPFCValuation -- Controlcoi onlyF(1,82) = 6.27, *p* = 0.01420.060.41 (0.03)--0.35 (0.14)Fig. 3 a--cRelationship between cognitive control regions and AUC. The cortical regions involved in the connectivity between two cognitive control systems are represented by red on the brain. Pink trajectory represents AUC for an individual with 1 standard deviation higher connectivity than the mean between the two regions. Purple trajectory represents predicted AUC for participants with the mean connectivity strength between the two regions. Blue trajectory represents AUC for an individual with 1 standard deviation lower connectivity than the mean between the two regions. Raw data are plotted in the background, with each individual measurement representing a circle, and lines connecting data collected from the same individual across time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3 a--cFig. 3 d--fRelationship between valuation regions and AUC. The cortical and subcortical regions involved in the connectivity between two valuation systems are represented by blue on the brain. Pink trajectory represents AUC for an individual with 1 standard deviation higher connectivity than the mean between the two regions. Purple trajectory represents predicted AUC for participants with the mean connectivity strength between the two regions. Blue trajectory represents AUC for an individual with 1 standard deviation lower connectivity than the mean between the two regions. Raw data are plotted in the background, with each individual measurement representing a circle, and lines connecting data collected from the same individual across time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3 d--fFig. 3 g--iRelationship between valuation network and cognitive control network and AUC. The cortical regions involved in the connectivity between valuation system and cognitive control system are represented by blue and red, respectively, on the brain. Pink trajectory represents AUC for an individual with 1 standard deviation higher connectivity than the mean between the two regions. Purple trajectory represents predicted AUC for participants with the mean connectivity strength between the two regions. Blue trajectory represents AUC for an individual with 1 standard deviation lower connectivity than the mean between the two regions. Raw data are plotted in the background, with each individual measurement representing a circle, and lines connecting data collected from the same individual across time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3 g--i

The majority of the identified connections showed similar effects across samples. The three connections within the cognitive control system impacted the prediction of AUC similarly in both samples: individuals with greater connectivity strength between these cognitive control regions were predicted to have a preference for LLR (higher AUC) across the age ranges studied. The beta values for the main effect of connectivity were similar across the samples as well, with connectivity beta estimates ranging from 0.26--0.37 for the longitudinal sample, and 0.30--0.42 for the cross-sectional sample.

The three connections within the valuation system also impacted the prediction of AUC similarly in both samples: individuals with greater connectivity strength between these valuation regions were predicted to have a preference for the SSR (lower AUC) across the age ranges studied. The beta values for the main effect of connectivity were similar across the samples as well, with connectivity beta estimates ranging from −0.38 to −0.23 for the longitudinal sample, and −0.58 to −0.27 for the cross-sectional sample. The impact of connectivity between the right pallidum and PCC on predicting AUC with age was virtually identical for both cortical hemispheres.

Individuals with greater connectivity strength between the left mOFC and right vlPFC were predicted to have a preference for LLR (higher AUC) across the age ranges studied, similar to patterns found for connections between the cognitive control regions. Connectivity between these two regions was a better predictor of AUC than age alone in the cross-sectional sample. Within the longitudinal sample, connectivity strength between the right PCC and the left dlPFC or left superior frontal cortex interacted with the quadratic age term to predict AUC, with stronger connectivity strength predicting a preference for LLR (higher AUC) only at the tail ends of the age range. Within the cross-sectional sample, participants with greater connectivity strength between the right PCC and left dlPFC were predicted to have a preference for LLR (higher AUC). Connectivity between the right PCC and left superior frontal cortex was a better predictor of AUC than age alone in the cross-sectional sample, with individuals with greater connectivity strength between these regions showing a preference for LLR (higher AUC).

3.3. Developmental analysis {#sec0095}
---------------------------

We found that, in addition to baseline AUC, developmental changes in functional connectivity between three of the nine identified connections were able to predict subsequent AUC (Supplementary Table 4). Increased strength between the left dlPFC and right dACC across time was associated with increased preference for waiting for LLR, whereas the opposite developmental finding was observed for connectivity between the right PCC and right pallidum. This is in line with our finding that increased strength between cognitive control regions, and decreased strength between valuation system regions, is related to increased preference for LLR in the transition into adolescence. Further, developmental changes in connectivity strength between the left amygdala and right mOFC interacted with the age of the participant at the second timepoint to explain variance in future temporal discounting after controlling for baseline temporal discounting preference.

4. Discussion {#sec0100}
=============

In this study, we investigated whether individual differences in functional brain organization are associated with temporal discounting preferences in the transition into adolescence. Specifically, we tested if functional connectivity between regions involved in valuation and cognitive control, as well as the hippocampus and SMA, could explain variance in temporal discounting preference (AUC) above chronological age. To ensure validity of our reported results, we tested these models in two independent datasets: a longitudinal dataset of children aged 7--15 years and a cross-sectional dataset of 7--13 year olds.

In both samples, longitudinal and cross-sectional, we observed a group-average increase in AUC between late childhood and early adolescence. We found evidence that the relationship between age and AUC was best represented by a quadratic trajectory in our longitudinal sample, with AUC increasing between ages 7--11 years before stabilizing. For the cross-sectional sample, we identified a linear increase in AUC between ages 7--13 years. While the best fitting model differed between these samples, the overall pattern observed in both samples reflected a general trend for our participants to prefer waiting for a later, larger reward (LLR) as they got older.

This result supports the theory that temporal discounting preferences shift in the transition into adolescence ([@bib0005]; [@bib0315]). [@bib0315] demonstrated in a cross-sectional sample encompassing ages 6--19 years that adolescents were more likely to wait for the LLR in comparison to children and young adults. [@bib0005] similarly found that the ability to delay gratification increased from childhood into adolescence. It is important to note that, although we found a group-average increase in AUC across the transition into adolescence, there was substantial individual variability (see [Fig. 2](#fig0010){ref-type="fig"}). Further, because our sample age range ends at 15 years we cannot be sure if the preference for LLR declines between mid-to-late adolescence.

4.1. Individual differences in functional connectivity are related to temporal discounting preference {#sec0105}
-----------------------------------------------------------------------------------------------------

The current study proposed that individual variability in temporal discounting preference could be explained by differences in functional brain organization. To test this hypothesis, we examined if intrinsic functional connectivity between a set of *a priori* regions of interest and networks could improve the "age only" models in predicting an individual's temporal discounting preference. To mitigate false positives and overfitting, we implemented both a stringent model selection procedure utilizing AIC as well as Likelihood Ratio tests paired with replication in an independent sample. We found nine distinct brain connections were able to explain variance in temporal discounting preference above age alone in both our longitudinal and cross-sectional samples. These findings suggest that individual differences in functional brain connectivity can explain individual variability in temporal discounting preferences during the transition to adolescence.

Our results demonstrate that individuals with greater connectivity between cortical regions within cognitive control systems are more inclined to choose LLR. Specifically, we found that greater connectivity between the left dlPFC and the right dACC, bilateral dlPFC, and bilateral superior frontal cortex, relate to a preference for LLR for individuals across the transition into adolescence ([Fig. 3](#fig0015){ref-type="fig"}a--c). Our post-hoc analysis revealed that developmental increases in connectivity strength between the left dlPFC and right dACC across the transition into adolescence was associated with increased preference for waiting for LLR.

Across samples, we found evidence that greater connectivity between right pallidum and the bilateral PCC was associated with a preference for SSR across the transition into adolescence. Specifically, greater connectivity between these valuation regions predicted lower AUC for individuals across the age ranges studied ([Fig. 3](#fig0015){ref-type="fig"}d and e). These results align with previous findings showing individual differences in cortico-striatal circuitry are related to temporal discounting preferences ([@bib0340], [@bib0345]). Our post-hoc analysis revealed that developmental *decreases* in connectivity strength between the right pallidum and right PCC across the transition into adolescence was associated with increased preference for waiting for LLR.

Our results also demonstrate that greater connectivity between the left amygdala and right mOFC was related to increased preference for the SSR in the transition to adolescence ([Fig. 3](#fig0015){ref-type="fig"}f). While a main effect was found for the cross-sectional sample, there was an interaction between connectivity and the quadratic age term for the longitudinal sample. This presents the possibility that the relationship between greater connectivity between the left amygdala and right mOFC and temporal discounting preference is not static across ages 7--15 years. Indeed, our post-hoc analysis demonstrated that developmental changes in connectivity strength between the left amygdala and right mOFC interacted with the age of the participant at the second timepoint to explain variance in future temporal discounting after controlling for baseline temporal discounting preference. While increased strength between the left amygdala and right mOFC across time was generally related to increased preference for later larger rewards, this negatively interacted with age at the second time point. This suggests that the strengthening of these two valuation regions is related to increased preference for later larger rewards for younger participants.

Previous cross-sectional work has found evidence suggesting that age-related increases in connectivity between the ventral striatum and vmPFC is related to increasing preference for LLR ([@bib0045]). While the results from the present analysis did not demonstrate this same developmental effect between these two specific regions, the results from our post-hoc analysis suggest that increased connectivity between subcortical-cortical regions of the valuation network might be a mechanism underlying developmental changes in the preference for delayed rewards. We found that developmental increases in connectivity between the pallidum and PCC, as well as between the amygdala and mOFC, predicted a maturational shift to prefer LRR. In addition, the effect of increased connectivity between the amygdala and mOFC interacted with age in predicting developmental changes in temporal discounting preference, which suggests that older participants with increased connectivity prefer the SSR. This finding suggests that developmental increases in connectivity strength between those regions are predictive of increased preference for the LLR in late childhood, however, as participants get older, the pattern is reversed. This could be due to the differences in the regions that are age driven ([@bib0345]). Increased white matter integrity in fronto-striatal tracts between late childhood and early adulthood is related to increased preference for LLR ([@bib0005]). This is in keeping with our post-hoc interaction found between the amygdala and mOFC. However, in our study, rather than finding fronto-striatal tracts to be predictive of temporal discounting, we found the fronto-limbic tracts were of greater relevance in predicting later temporal discounting behavior.

While we found evidence that greater connectivity between the right PCC and the left dlPFC or left superior frontal cortex was related to greater preference for LLR for individuals across ages in the cross-sectional sample, the best fitting models in the longitudinal sample suggested a nonlinear relationship between this strength of these connections and AUC preference across age ([Fig. 3](#fig0015){ref-type="fig"}g and h). We found that greater connectivity between the left mOFC to right vlPFC (the pars orbitalis region of the inferior frontal gyrus) was related to increased preference for LLR across the transition into adolescence. This possibly reflects that stronger functional connectivity at rest between these regions reflects the ability for the vlPFC/IFG to regulate mOFC signaling ([@bib0180]). In both samples, a main effect of greater connectivity between the dlPFC and several regions predicted higher AUC (increased preference for LLR or less discounting) for individuals across the transition into adolescence. This result held for connections between the dlPFC and dACC, bilateral dlPFC, as well as dlPFC and PCC, further underscoring the role of dlPFC in the development of temporal discounting behavior ([@bib0355]).

4.2. Role of dopaminergic signaling in temporal discounting behavior {#sec0110}
--------------------------------------------------------------------

All of the identified relevant connections between regions of the valuation network (amygdala, mOFC, PCC, and pallidum) showed a negative relationship with AUC, with stronger connectivity predicting a greater preference for SSR across participants. This could be related to the abundance of dopaminergic signaling in the valuation network. Multiple studies have shown that areas of the brain with dopaminergic innervation are involved in temporal discounting preference ([@bib0215]; [@bib0275]). Furthermore, it has been reported that individuals with increased dopamine release are more inclined to choose the SSR ([@bib0200]). Crossover work in animal models might allow for direct testing of this hypothesis ([@bib0140]; [@bib0145]; [@bib0235]; [@bib0325]).

One hypothesis is that changes in the cortico-striatal circuitry that occur in the transition into adolescence are related to hormonal changes that affect the interaction within the networks ([@bib0015]; [@bib0040]). Specifically, these hormonal changes impact and influence motivation towards reward seeking behaviors ([@bib0230]). Pubertal hormones and neurotransmitters, such as sex hormones and dopamine, affect regions across the brain, but their effects (especially dopamine) on the vmPFC, NAcc, and caudate might influence the development of cognitive capacities such as abstract thinking, problem solving, and working memory ([@bib0040]).

4.3. Limitations and future directions {#sec0115}
--------------------------------------

This study examined temporal discounting preference as it relates to biological measures. However, social environmental factors can impact an individual's subjective value of money and preference for waiting for a LLR. For example, a previous study found that individuals who grew up in lower socio-economic status environments (SES) preferred SSR, whereas individuals who grew up in higher SES environments preferred LLR ([@bib0160]). In an experimental manipulation, [@bib0210] demonstrated that children presented with a reliable environment demonstrated a significant increase in their delay time compared to children presented with an unstable environment. It should not be assumed that steeper discounting is always maladaptive. Very low socio-economic status populations were under-represented in the current study. Future investigations should assess how social environmental factors might impact the relationship between biological measures and temporal discounting preference.

Previous studies have shown evidence for heterogeneity in functional connectivity existing across individuals in typically developing as well as in clinical samples ([@bib0060]; [@bib0090]; [@bib0120]). For example, graph theory and community detection can be used to classify typically developing children into specific neuropsychological subgroups ([@bib0120]), and functional subgroups can be differentiated based on heterogeneity related to behavioral characteristics including impulsivity ([@bib0060]). This study did not account for these heterogeneity present in the group and further investigation should be considerate of this phenomenon. Further, the current study utilized a brain parcellation based on anatomical boundaries (the Desikan-Killiany atlas; [@bib0080]) in order to test hypotheses generated from previous work. However, establishing the consistency of these findings with other parcellations ([@bib0130]; [@bib0135]) will be an important next step ([@bib0140]; [@bib0170]).

4.4. Conclusion {#sec0120}
---------------

On average, children start to prefer waiting for later, larger rewards as they transition into adolescence. However, there is a substantial amount of variability in temporal discounting preference between individuals across development. This study provides evidence that individual differences in functional brain connectivity within and between regions in cognitive control and valuation networks can account for variance in temporal discounting preference above age. Specifically, greater connectivity strength between cognitive control regions, as well as between cognitive control and valuation regions, was related to a preference for waiting for a larger reward. In contrast, greater connectivity strength between valuation network regions was related to a preference for taking an immediate, smaller, reward. Future studies should examine the impact of social environmental factors on the relationship between functional brain connectivity and temporal discounting behavior across development.
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